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LiFeP04  has  been  considered  a  promising  battery  material  in  electric  vehicles.  However,  there  are  still 
a  number  of  technical  challenges  to  overcome  before  its  wide-spread  applications.  In  this  article,  the 
structure  and  electrochemical  performance  of  LiFeP04  are  reviewed  in  light  of  the  major  technical 
requirements  for  EV  batteries.  The  rate  capability,  capacity  density,  cyclic  life  and  low-temperature  per¬ 
formance  of  various  LiFeP04  materials  are  described.  The  major  factors  affecting  these  properties  are 
discussed,  which  include  particle  size,  doping,  carbon  coating,  conductive  carbon  loading  and  synthesis 
techniques.  Important  future  research  for  science  and  engineering  is  suggested. 
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1.  Introduction 

LiFeP04  has  been  selected  as  one  of  the  primary  battery  mate¬ 
rials  for  electric  vehicle  (EV)  applications  [1  ].  The  main  advantages 
of  LiFeP04  are  its  flat  voltage  profile,  low  material  cost,  abundant 
material  supply  and  better  environmental  compatibility  compared 
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to  other  cathode  materials  [3-8].  The  drawbacks  of  LiFeP04  include 
its  relatively  low  theoretical  capacity,  low  density,  poor  electronic 
conductivity  and  low  ionic  diffusivity  (Table  1 ).  Moreover,  the  pro¬ 
cessing  cost  of  LiFeP04  is  generally  high  because  carbon  coating  or 
small  particle  size  is  required  to  obtain  appropriate  performance  at 
high  current  rates. 

Since  its  discovery  in  1997  [9],  great  progress  has  been  made  in 
improving  and  understanding  the  structure,  electrochemical  per¬ 
formance  and  synthesis  techniques  of  LiFeP04  [10-161].  These 
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Table  1 

Comparison  of  the  properties  of  different  cathodes  in  18,650  cells  [2]. 
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Property 

LiAlo.05  Coo.i  5  Nio.8  O2 

LiCo02 

LiMn204 

LiFeP04 

Avg.  voltage  (V) 

3.65 

3.84 

3.86 

3.22 

Theo.  capacity  (mAhg-1 ) 

265 

274 

117 

170 

True  density  (gem-3) 

4.73 

5.05 

4.15 

3.60 

Specific  energy  (Wh  kg-1 ) 

219.8 

193.3 

154.3 

162.9 

Energy  density  (Wh  L-1 ) 

598.9 

557.8 

418.6 

415.0 

Materials’  cost 

1.628 

1.824 

1.159 

1.219 

Energy  cost  (Wh  US$-1 ) 

6.08 

5.05 

5.97 

6.31 

Table  2 

Summary  of  major  requirements  for  HEV  and  PHEV  batteries  [1  ]. 

Characteristics 

HEV 

PHEV  (10  miles) 

PHEV  (40  miles) 

Pulse  discharge  power  (kW  10  s-1 ) 

25-40 

38 

46 

Available  energy  (kWh) 

0.3-0. 5 

3.4 

11.6 

Cycle  life  (charge  sustaining,  50  Wh) 

300,000 

300,000 

300,000 

Cycle  life  (charge  depleting) 

N/A 

5000 

5000 

Calendar  life  (years) 

15 

15  (35  °C) 

15  (35  °C) 

Maximum  weight  (kg) 

40-60 

60 

120 

Maximum  volume  (L) 

32-45 

40 

80 

Max.  price  ($)  (100k  units  year-1 ) 

500-800 

1700 

3400 

Operating  temperature  (°C) 

-30  to  +52 

-0  to  +52 

-30  to  +52 

advances  have  been  discussed  in  several  elegant  review  articles 
[5-8].  The  current  work  attempts  to  provide  a  brief  overview  of 
the  major  achievements  and  the  remaining  challenges  related  to 
EV  applications.  A  realistic  understanding  of  the  promises  and 
concerns  of  LiFeP04  is  important  to  the  massive  adoption  of  this 
material  in  the  EV  market. 

According  to  the  standard  proposed  by  the  US  Department 
of  Energy  (Table  2),  the  major  technical  barriers  that  need  to 
be  addressed  for  the  commercialization  of  high-energy  batter¬ 
ies  for  PHEVs  (plug-in  hybrid  electric  vehicles)  and  high-power 
batteries  for  HEVs  (hybrid  electrical  vehicles)  are  as  follows 
[1]: 

( 1 )  Performance.  Much  higher  energy  densities  are  required  to  meet 
the  volume/weight  requirements;  the  cyclic  stability  and  low- 
temperature  performance  must  be  improved. 

(2)  Cost.  The  current  cost  of  the  promising  Li-ion  batteries  is 
approximately  two  to  five  times  too  high  on  a  kWh  basis  due 
to  the  high  cost  of  raw  materials,  cell  packaging  and  manufac¬ 
turing  process. 

(3)  Life.  A  long  calendar  life  of  15  years  for  both  PHEV  and  HEV  is 
anticipated  to  be  difficult  to  achieve.  Specifically,  the  impact  of 
combined  EV/HEV  cycles  and  extended  time  in  a  high  state  of 
charge  on  the  battery  life  is  unknown. 

(4)  Abuse  tolerance.  Tolerance  of  abusive  conditions  must  be 
addressed,  such  as  short  circuit,  overcharge,  over-discharge, 
and  exposure  to  fire. 

In  this  article,  the  current  status  of  LiFeP04  research  is  reviewed 
in  light  of  these  technical  challenges.  The  paper  starts  with  a  brief 
summary  on  the  Li  insertion/extraction  mechanism,  discusses  the 
electrochemical  performance  in  terms  of  rate  capability,  capacity 
density,  cyclic  stability  and  low-temperature  behavior,  and  then 
describes  the  major  performance-controlling  factors  and  future 
research  needs. 

2.  Lithium  insertion/extraction  mechanism 

2.1.  Crystal  structure 

The  triphylite  LiFeP04  belongs  to  the  olivine  family  of  lithium 
ortho-phosphates  with  an  orthorhombic  lattice  structure  in  the 


space  group  Pnma  [9-12].  The  lattice  parameters  are  a  =  10.33  A, 
b  =  6.0lA,  c  =  4.69A  and  V=291.2A3.  The  structure  consists  of 
corner-shared  Fe06  octahedra  and  edge-shared  Li06  octahedra 
running  parallel  to  the  b-axis,  which  are  linked  together  by  the 
P04  tetrahedra  (Fig.  1 ).  Upon  delithiation,  the  Li  ions  are  extracted 
to  yield  heterosite  FeP04  without  changing  the  olivine  framework 
[9,13].  However,  the  lattice  constants  are  changed  to  a  =  9.81  A, 
b  =  5.79  A,  c  =  4.78  A  and  V=271.5  A3  for  FeP04,  which  corresponds 
to  a  reduction  in  lattice  volume  by  6.77%,  an  increase  in  c  by  1.9%, 
and  a  decrease  in  a  and  b  by  5%  and  3.7%,  respectively. 

Because  the  oxygen  atoms  are  strongly  bonded  by  both  Fe  and 
P  atoms,  the  structure  of  LiFeP04  is  more  stable  at  high  tempera¬ 
tures  than  layered  oxides  such  as  LiCo02.  LiFeP04  is  stable  up  to 
400  °C,  while  LiCo02  starts  to  decompose  at  250  °C  [14-16].  The 
high  lattice  stability  results  in  excellent  cyclic  performance  and 
operation  safety  for  LiFeP04.  However,  the  strong  covalent  oxygen 
bonds  also  lead  to  low  ionic  diffusivity  ( 1 0-13  to  1 0-16  cm2  s-1 )  and 
poor  electronic  conductivity  (~10_9cms_1)  [17].  The  Li  diffusion 
in  FeP04  is  widely  believed  to  be  one  dimensional  along  the  b-axis 
[10,11,18]. 


Fig.  1.  The  crystal  structure  of  LiFeP04  viewed  along  the  c-axis  [12].  The  Fe  atoms 
occupy  octahedral  (4c)  sites  (dark  shading)  and  the  P  atoms  occupy  tetrahedral 
(4c)  sites  (light  shading).  The  Li  ions  (small  circles)  occupy  octahedral  (4a)  sites. 
Reproduced  with  permission  from  Elsevier. 
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2.2.  Phase  transformation 

According  to  classical  theory,  the  driving  force  for  atom  diffusion 
in  a  single  phase  is  the  concentration  gradient.  A  higher  concen¬ 
tration  gradient  results  in  fast  atom  diffusion.  Unfortunately,  such 
concentration  gradients  are  rare  in  microsized  LixFeP04  particles 
due  to  the  very  limited  solid-solution  range  for  both  LiFeP04  and 
FeP04  phases  [  1 9-21  ].  The  solubility  is  believed  to  be  less  than  0.05 
at  room  temperature  for  particles  larger  than  100  nm.  At  high  tem¬ 
peratures,  the  miscibility  gap  between  these  two  phases  decreases 
[22,23  ].  The  transformation  from  heterosite  and  ti  iphylite  phases  to 
a  disordered  solid  solution  of  LixFeP04  takes  place  at  approximately 
200  °C.  These  two  phases  are  entirely  soluble  at  temperatures  above 
300  °C.  Note  that  the  phase  diagram  strongly  depends  on  the  par¬ 
ticle  size  due  to  the  surface  energy  effect  [24,25].  The  miscibility 
gap  between  LiFeP04  and  FeP04  contracts  when  the  particle  sizes 
are  reduced  to  less  than  50  nm,  and  a  completely  solid  solution  is 
predicted  for  particles  smaller  than  15nm  at  room  temperature 
[26]. 

The  phase  transformation  during  Li  insertion/extraction  was  ini¬ 
tially  proposed  to  follow  the  core-shell  model  or  mosaic  model 
[9,12].  According  to  these  models,  the  shell  of  one  phase  cov¬ 
ers  the  core  of  a  second  phase  and  the  diffusion  occurs  through 
the  shell  with  the  movement  of  the  interface.  These  models  have 
been  questioned  based  on  the  findings  that  the  partially  delithiated 
LiFeP04  particles  contain  several  FeP04  domains  and  that  the  inter¬ 
facial  zones  are  not  a  solid  solution  but  the  superposition  of  two 
end  phases  [27-29].  Based  on  these  observations,  alternative  mod¬ 
els  have  been  proposed  including  the  “spinodal-decomposition 
model”  [29]  and  the  “domino-cascade  model”  [30].  Both  mod¬ 
els  suggest  that  the  Li  insertion/extraction  processes  involve  the 
cooperative  motion  of  Li  ions  along  the  b-channels  through  the 
movement  of  phase  boundaries  (the  nucleation  front).  Because  the 
process  is  not  diffusion-controlled  in  nature,  no  solid  solution  zones 
are  required. 

The  mechanism  proposed  in  these  two  models  agrees  well  with 
the  kinetic  analysis  of  the  process  which  indicates  that  the  phase 
transformation  is  a  phase-boundary  controlled,  one-dimensional 
process  [31].  However,  the  main  difference  between  these  two 
models  is  the  motion  speed  of  the  phase  boundaries.  The  domino- 
cascade  model  claimed  that  the  speed  is  extremely  high  so  that  no 
particles  with  the  mixing  phases  are  identified  in  the  reaction  pro¬ 
cess,  therefore,  the  individual  particles  are  either  single  triplylite 
or  single  heterosite  [30].  The  spinodal-decomposition  model  sug¬ 
gests  that  the  movement  of  phase  boundaries  is  relatively  slow, 
and  multiple  domains  and  phase  interfaces  can  be  observed  in  the 
partially  delithiated  particles,  as  shown  in  Fig.  2.  Note  that  the  Li 
insertion/extraction  processes  in  LiFeP04  appear  to  depend  on  the 
particle  size,  synthesis  method,  surface  coating,  charging  rate  and 
testing  procedures  [33-36].  In  nanosized  particles,  the  phase  trans¬ 
formation  may  deviate  far  from  the  equilibrium  prediction  for  bulk 
materials  because  of  the  pronounced  effect  of  surface  and  inter¬ 
face  energies  in  small  particles,  which  has  been  observed  in  LixTi02 
and  alloy  anodes  [37,38].  Therefore,  more  studies  are  warranted 
to  understand  the  Li  insertion/extraction  mechanism  in  LiFeP04 
under  real  operation  conditions  using  advanced  in  situ  characteri¬ 
zation  tools. 


3.  Electrochemical  performance 

3.1.  Rate  capability 

The  rate  capability  of  LiFeP04  has  been  extensively  investigated 
due  to  the  need  for  high  pulse  power  in  many  applications.  The  rate 
capacity  is  affected  by  many  factors,  including  particle  size,  doping, 


Fig.  2.  HRTEM  image  of  a  partially  delithiated  LiFeP04  particles  showing  a  LiFeP04 
domain  (LFP)  in  the  ac  plane  surrounded  by  FeP04  phase  (FP)  with  narrow  inter¬ 
face  layers  consisting  of  two  crystal  phases  [29].  Reproduced  with  permission  from 
Elsevier. 


carbon  coating,  synthesis  route,  conductive  carbon  loading  and  the 
mixing  procedure  [39-44].  A  comprehensive  comparison  of  the  rate 
capacity  of  various  LiFeP04  materials  has  been  presented  in  a  previ¬ 
ous  paper  [45  ].  The  analysis  points  out  that  the  electric  conductivity 
between  the  LiFeP04  powders  and  the  current  collector  plays  a  crit¬ 
ical  role  in  the  high-rate  performance  of  the  battery  cells.  Carbon 
coating  seems  to  improve  the  rate  capacity  of  LiFeP04  more  effec¬ 
tively  than  particle  size  reduction  and  cation  doping.  Because  the 
LiFeP04/FeP04  reaction  is  a  non-diffusional,  cooperative  process  as 
discussed  above,  the  transport  of  Li  ions  and  electrons  through  the 
particles  is  not  expected  to  be  the  limiting  process.  Instead,  the  fast 
transport  of  electrons  from  the  particle  surface  to  the  current  col¬ 
lector  is  more  critical,  particularly  at  a  high  current  rate,  provided 
that  the  diffusion  of  Li-ions  through  the  electrolyte  to  the  graphite 
anode  is  not  limited.  Thus,  carbon  coating  and  conductive  carbon 
loading  are  more  likely  to  be  important  than  particle  size  control 
and  doping  at  high  current  rates. 

As  shown  in  Fig.  3,  the  materials  prepared  by  polyol,  direct- 
precipitation,  sol-gel  and  ball-milling  exhibit  excellent  high-rate 
capacities  [45].  The  microsized  particles  (DP-140,  BM-C-300) 
exhibit  excellent  high-rate  capacities,  which  are  comparable  to  that 
of  the  best  nanosized  sample  (PL-30).  It  is  interesting  to  note  the 
exceptional  high-rate  performance  of  the  SS-50  material  in  Fig.  3, 
although  the  result  was  disputed  by  others  [46,47].  This  material 
is  a  non-stoichiometric  LiFeP04  prepared  by  a  solid-state  reaction 
(ball  milling)  and  tested  in  a  half  cell  using  Li-metal  as  the  anode. 
The  superior  performance  of  this  material  was  attributed  by  the 
authors  to  its  small  particle  size  (50  nm)  and  the  surface  coating  of 
pyrophosphates  on  the  particles  [48].  It  will  be  interesting  to  eval¬ 
uate  this  material  in  a  full  cell  to  examine  its  potential  for  practical 
application  and  to  identify  the  impact  of  graphite  anode  on  the  rate 
performance  of  LiFeP04/graphite  full  cell. 

3.2.  Capacity  density 

The  specific  energy  (Whkg-1)  and  energy  density  (WhL-1)  of 
battery  cells  are  important  parameters  for  EV  and  other  appli¬ 
cations.  Increasing  the  specific  energy  significantly  reduces  the 
battery  mass  and  cost,  which  are  two  of  the  major  technical  bar¬ 
riers  to  the  wide-spread  application  of  Li-ion  batteries  in  EVs.  The 
specific  energy  of  battery  cells  is  determined  by  many  factors  such 
as  cell  design,  electrode  structure,  electrode  potential  and  capacity 
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C-rate 

•••€>••  PL-30  (88) 

— •— BM-C-300  (119) 

— b-  DOP-Cr-C-lOO  (99) 

— x—  DOP-Nb-lOO  (40) 

Fig.  3.  Comparison  of  the  rate  capacities  of  LiFeP04  materials  prepared  by  differ¬ 
ent  synthesis  methods  or  with  doping:  PL  (polyol),  DP  (direct-precipitation),  SG 
(sol-gel),  BM  (ball-milling),  SS  (solid-state  reaction)  and  DOP  (doping)  [45].  These 
samples  represent  the  best  materials  from  each  category  reported  to  date.  The  par¬ 
ticle  sizes  and  carbon  coating  (C)  are  indicated  in  the  legend.  Reproduced  with 
permission  from  The  Electrochemical  Society. 

[49,50].  Among  these,  the  capacity  density  (mAh  L-1 ) of  the  cathode 
is  one  of  the  most  critical  factors  because  the  active  cathode  mate¬ 
rials  account  for  approximately  40%  by  weight  of  the  high-energy 
cells  (Table  3). 

The  specific  capacity  (mAhg-1)  of  LiFeP04  has  been  widely 
investigated,  and  high  specific  capacities  close  to  the  theoretical 
value  (170 mAhg-1)  are  obtained  in  a  number  of  LiFeP04  materi¬ 
als  (Fig.  3).  However,  the  energy  density  of  battery  cells  is  more 
correlated  to  the  capacity  density  than  the  specific  capacity.  Due 
to  carbon  coating  and  particle  size  reduction,  the  tap  densities  of 
LiFeP04  powders  are  generally  low  compared  to  those  of  other 
cathode  materials  [44,51,52].  For  example,  the  nanosized  LiFeP04 
materials  have  a  tap  density  of  0.6-1. 0 gem-3,  while  the  commer¬ 
cial  LiCo02  materials  have  a  tap  density  of  approximately  2.6  g  cm-3 
[52,54,92].  A  low  tap  density  reduces  energy  density  and  increases 
the  cell  size  and  cost  because  more  supporting  materials  such  as 
electrolyte,  separator  and  packaging  materials,  are  needed  as  a 
result  of  less  loaded  active  powders  per  volume  or  per  area.  The 
supporting  materials  account  for  a  large  portion  of  the  mass  and 
cost  of  battery  cells,  as  shown  in  Tables  3  and  4.  Therefore,  high 
specific  capacity  does  not  necessarily  lead  to  high  energy  density 
for  LiFeP04  if  its  tap  density  is  low.  In  future  studies,  it  is  proba¬ 
bly  more  meaningful  to  use  capacity  density,  rather  than  specific 
capacity,  to  evaluate  LiFeP04  materials. 


Table  3 

Estimated  material  content  of  typical  Li-ion  cells  [32]. 


Material/component 

High-energy  cell  ( 1 00  Ah) 

High-power  cell  (10  Ah) 

Quantity  (g) 

wt.% 

Quantity  (g) 

wt.% 

Anode  (dry) 

785 

23 

56 

17 

Cathode  (dry) 

1610 

47 

93 

29 

Active  material 

1408 

41 

74 

23 

Electrolyte 

618 

18 

44 

13 

Separators 

60 

1.8 

16 

5 

Package  (other) 

358 

10 

115 

35 

Table  4 

The  estimated  cost  of  major  components  in  18,650  cells  with  different  cathodes  [2]. 


Component/material 

LiAlo.05Loo.15Nio.8O2 

LiCo02 

LiMn204 

LiFeP04 

Cathode 

0.523 

0.751 

0.187 

0.213 

Anode 

0.274 

0.240 

0.191 

0.218 

Electrolyte 

0.267 

0.296 

0.296 

0.276 

Separator 

0.174 

0.156 

0.130 

0.140 

Others 

0.390 

0.381 

0.355 

0.372 

Total 

1.628 

1.824 

1.159 

1.219 

The  tap  densities  of  microsized  LiFeP04  are  in  the  range  of 
1.0-1. 5 gem-3  [54-57].  New  synthesis  approaches  have  been 
explored  recently  to  increase  the  tap  density  by  control¬ 
ling  the  morphology  and  size  distribution  of  LiFeP04  particles 
[51,54,58,59].  A  high  tap  density  of  1.8 gem-3  was  achieved  for 
a  LiFeP04/C  composite  containing  7wt.%  carbon  prepared  by 
a  two-step  drying  process  [54].  The  composite  shows  a  high 
specific  capacity  of  98 mAhg-1  and  a  high  capacity  density  of 
167  mAh  cm-3  at  5C  rate.  A  LiFeP04  material  with  a  tap  den¬ 
sity  of  1.3 gem-3  exhibits  a  high  specific  capacity  of  about 
100 mAhg-1  at  10C  rate  [58].  When  tested  in  a  half-cell  at  a  30- 
min  charge-discharge  rate,  excellent  specific  energy  (440  Wh  kg-1 ) 
and  power  density  (900  W  kg-1)  were  obtained  although  its  spe¬ 
cific  capacity  is  not  high  compared  to  the  best  materials  shown  in 
Fig.  3. 

3.3.  Cyclic  and  calendar  life 

For  batteries  in  both  HEV  and  PHEV,  the  required  cycle  life  at 
charge-sustaining  mode  (shallow-discharge)  is  300,000  cycles  and 
the  expected  calendar  life  is  15  years.  In  addition,  a  cycle  life  of 
5000  cycles  in  the  charge-depleting  mode  is  required  for  PHEVs. 
These  requirements  are  anticipated  to  be  very  challenging  for  any 
type  of  Li-ion  batteries.  For  LiFeP04  cathodes,  long  cyclic  lives  of 
1500-2400  cycles  have  been  achieved  in  laboratory  tests  [58-62]. 
However,  the  challenge  is  to  develop  adequate  testing  protocols 
that  can  effectively  simulate  and  predict  the  battery  performance 
in  EV  services  [63].  To  design  appropriate  testing  procedures,  it  is 
necessary  to  understand  the  capacity-degradation  mechanisms  in 
both  cycling  (driving)  and  storage  (parking)  conditions. 

The  possible  mechanisms  of  capacity  degradation  in  LiFeP04 
cells  include  the  following:  (1)  loss  of  Li  inventory  through  a  side 
reaction,  (2)  loss  of  active  materials  due  to  cracking  and  disso¬ 
lution,  (3)  the  rise  of  cell  impedance  due  to  the  formation  of 
SEI  (surface-electrolyte-interface)  layers,  and  (4)  physical  degra¬ 
dation  of  electrode  structure  [64-69].  Among  these,  the  loss  of 
Li-inventory  due  to  SEI  formation  is  considered  to  be  the  major 
cause  [70,71].  Early  studies  have  indicated  that  the  SEI  formation 
on  graphite  anode  in  LiFeP04  cells  is  catalyzed  and  destabilized  by 
the  iron-deposits  migrated  from  the  LiFeP04  cathode  through  the 
electrolyte  [65,66].  Iron  precipitates  were  observed  on  the  surface 
of  the  graphite  anode  and  on  the  separator  [66,72,73].  The  degree 
of  capacity  degradation  seems  to  have  a  direct  correlation  with 
the  iron  content  accumulated  on  the  graphite  anode  [72,74].  It  is 
believed  that  these  irons  are  etched  from  the  active  LiFeP04  parti¬ 
cles  by  the  acidic  electrolyte  solution.  It  was  found  that  replacing 
the  LiPF6  salt  with  less-acidic  LiBOB  or  LiA104  salts  in  the  elec¬ 
trolyte  leads  to  much  less  iron  dissolution  and,  therefore,  much 
better  capacity  retention  [65,75]. 

The  dissolution  rate  of  iron  in  an  electrolyte  also  depends  on 
the  testing  temperature,  the  cut-off  voltage,  the  synthesis  method, 
the  impurity  content  and  the  particle  size  of  LiFeP04  [65,72-78]. 
Higher  temperature,  higher  cut-off  voltage  (4.2  V),  smaller  parti¬ 
cle  size,  and  the  presence  of  moisture  or  impurity  phases  such  as 
Fe4(P207  )3  lead  to  a  higher  rate  of  iron  dissolution  and  faster  capac- 
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fade  [65,71,83].  The  cause  of  capacity  fade  at  elevated  temperature 
has  been  attributed  to  the  increased  dissolution  of  Fe-ions  from 
LiFeP04  particles  into  the  electrolyte,  which  are  then  deposited 
on  the  graphite  anode  surface.  The  deposited  iron  catalyzes 
the  formation  of  SEI  films,  leading  to  an  increase  of  interfacial 
impedance  of  graphite  electrodes  [65].  The  high  temperature  sta¬ 
bility  was  improved  with  a  LiBOB  electrolyte  or  Li4Ti50i2  anode 
[34,65]. 

4.  Factors  affecting  performance  and  energy  cost 

The  electrochemical  performance  and  energy  cost  of  LiFeP04 
batteries  are  affected  by  many  factors  such  as  the  electrolyte,  sepa¬ 
rator  and  electrode  materials.  In  this  section,  the  major  contributors 
related  to  the  LiFeP04  cathode  are  discussed. 

4.2.  Particle  size 


Fig.  4.  The  temperature  dependence  of  specific  capacities  of  LiFeP04  materials 
tested  in  half-cells  with  different  electrolytes:  A:  LiC104/EC-DMC  [118],  B:  LiPFe/EC- 
DMC  [82],  C:  LiPF6/EC-DMC-DEC-EMC  [80],  and  D:  LiBF4-LiBOB/PC-EC-EMC  [81]. 

ity  fade.  For  example,  the  capacity  retention  of  a  LiFeP04/graphite 
cell  dropped  from  100%  to  57%  after  100  cycles  when  the  temper¬ 
ature  was  increased  from  25  to  37  °C  [65].  Replacing  the  graphite 
anode  with  Li-metal  or  Li4Ti50i2  improved  the  capacity  retention 
from  about  30%  to  90%  at  55  °C  after  1 00  cycles.  The  capacity  reten¬ 
tion  can  also  be  improved  by  coating  the  graphite  anode  or  LiFeP04 
particles  with  polymer  or  oxide  films  to  retard  the  iron  dissolu¬ 
tion  and  deposition  [68,74,79].  The  dissolution  of  iron  has  multiple 
detrimental  effects:  catalyzing  the  SEI  formation  on  anode,  reduc¬ 
ing  the  inventory  of  active  materials,  and  increasing  the  electric 
resistance.  Mechanical  cracking  may  also  lead  to  the  isolation  of 
the  active  particles  from  the  electrolyte  or  the  conductive  networks 
[67]. 

3.4.  Temperature  dependence 

The  poor  performance  of  Li-ion  batteries  at  low  temperature 
is  one  of  the  major  technical  barriers  for  EV  applications  [1].  The 
operating  temperature  range  for  EV  batteries  is  -40  °C  to  +50  °C. 
The  specific  capacities  of  LiFeP04  have  been  observed  to  decrease 
rapidly  at  low  temperature  (especially  below  -20  °C),  as  shown 
in  Fig.  4.  The  influence  of  temperature  on  the  capacity  is  more 
pronounced  at  high  charge  rates.  The  loss  of  capacity  at  low  tem¬ 
perature  has  been  attributed  to  the  limited  electrode  kinetics, 
low  electrolyte  conductivity,  low  Li  diffusivity,  and  high  charge- 
transfer  resistance  at  the  electrode/electrolyte  interface  [80-83]. 
As  shown  in  Fig.  4,  the  low-temperature  capacity  can  be  improved 
by  optimizing  the  Li-salts  or  the  electrolyte  solutions  (samples 
C-D  vs.  A-B).  The  quaternary  carbonate-based  electrolyte  (sam¬ 
ple  C)  leads  to  better  specific  capacities  at  temperatures  below 
-20  °C  as  compared  to  the  binary  electrolyte  (samples  A  and  B) 
[80].  The  use  of  mixed  LiBF4-LiBOB  salts  in  the  electrolyte  pro¬ 
vides  higher  capacity  over  a  wide  temperature  range  (-50  to 
80  °C)  than  LiBF4  alone  [81].  The  influence  of  electrolyte  formula¬ 
tion,  carbon  coating,  particle  size  and  surface  structure  of  LiFeP04 
on  the  low-temperature  performance  deserves  further  evalua¬ 
tion.  The  influence  of  low  temperature  on  the  cycling  stability  of 
LiFeP04  has  also  not  been  clearly  understood  yet.  A  study  on  a 
LiFeP04/graphite  cell  with  a  polymer-gel  electrolyte  indicated  that 
the  cyclic  capacity  decreased  more  rapidly  at  0°C  than  at  25  °C 
[84]. 

At  high  temperatures,  the  specific  capacities  of  LiFeP04  are 
improved  due  to  the  increased  lithium  diffusion  rate  and  elec¬ 
tron  transfer  activity  [15,85].  However,  cycling  or  storing  the 
LiFeP04  cells  at  high  temperature  results  in  significant  capacity 


Particle  size  reduction  has  been  employed  in  a  number  of  stud¬ 
ies  as  an  effective  method  to  improve  the  high-rate  capacity  and 
cycling  stability  of  LiFeP04  materials  [42,48,86-88].  The  capacities 
of  LiFeP04  at  high  current  rates  are  believed  by  many  to  originate 
from  its  low  ionic  conductivity  [89].  Logically,  the  high-rate  per¬ 
formance  can  be  improved  by  reducing  particle  size  because  the 
transport  distance  for  electrons  and  Li-ions  is  thus  reduced.  In  fact, 
the  best  high-rate  performance  for  LiFeP04  was  achieved  in  the 
samples  with  very  small  particle  size  (30-50  nm),  e.g.,  PL-30  and 
SS-50  in  Fig.  3. 

However,  a  recent  analysis  [45]  of  over  40  different  LiFeP04 
materials  reported  in  the  literature  indicates  that  the  specific  capac¬ 
ity  of  LiFeP04  has  no  clear  dependence  on  the  particle  size  in  the 
range  50-400  nm  at  0.1  C  and  1  C  rates  as  shown  in  Fig.  5,  which 
is  contrary  to  a  previous  analysis  [89]  which  concluded  that  the 
capacity  of  LiFeP04  depends  solely  on  the  mean  particle  size.  Even 
at  10C  rate,  the  specific  capacities  of  microsized  LiFeP04  samples 
(200-300  nm)  with  carbon  coating  are  comparable  to  those  of  many 
nanosized  samples.  The  lack  of  direct  correlation  between  the  spe¬ 
cific  capacity  and  particle  size  may  be  related  to  the  cooperative 
Li-movement  process  during  Li  insertion/extraction  as  discussed 
above.  Because  the  transport  of  Li-ions  in  these  particles  is  not 
diffusion-controlled,  particle  size  reduction  may  not  lead  to  as 
much  improvement  as  expected  in  the  size  range  of  interest. 

As  mentioned  in  Section  2,  the  phase  transformation  in  LiFeP04 
particles  smaller  than  50  nm  is  likely  to  be  different  from  that  in 
microsized  particles.  Thus,  it  is  possible  that  these  particles  may 
exhibit  superior  capacity  at  high  current  rates.  However,  the  capac¬ 
ity  gain  in  nanosized  LiFeP04  materials  may  be  not  enough  to  offset 
their  many  adverse  effects  in  real  applications,  although  further 
research  on  these  tiny  particles  is  of  scientific  significance.  The 
tap  densities  of  nanoparticles  are  generally  low,  while  their  man¬ 
ufacturing  costs  are  often  high  compared  to  microsized  particles, 
leading  to  low  energy  density  and  high  energy  cost  of  the  cells. 
Smaller  particles  also  require  more  supporting  materials  such  as 
conductive  carbon,  binder  and  current  collector  in  a  battery  cell 
[49].  Due  to  their  high  surface  areas  and  less-coordinated  sur¬ 
face  atoms,  nanoparticles  are  more  prone  to  surface  reaction  and 
particle  dissolution  in  electrolyte,  which  may  severely  reduce  the 
cyclic  and  calendar  life  of  battery  cells  [90].  Processing  and  han¬ 
dling  of  nanoparticles  are  difficult  and  require  extra  precaution 
due  to  the  health  and  environmental  concerns.  Therefore,  the  opti¬ 
mum  particle  size  for  high-power  applications  seems  to  be  in 
the  range  of  200-400  nm,  as  estimated  from  the  data  shown  in 
Fig.  5.  The  ideal  particle  size  may  be  even  larger  for  high-energy 
applications  such  as  in  PHEVs,  where  the  energy  density,  bat¬ 
tery  mass  and  energy  cost  are  more  important  than  the  high-rate 
capacity. 
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Fig.  5.  The  dependence  of  specific  capacity  at  0.1  C,  1  C  and  10C  rates  on  the  particle 
size  of  LiFeP04  with  or  without  carbon  coating  [45].  Reproduced  with  permission 
from  The  Electrochemical  Society. 


4.2.  Doping 

The  positive  effect  of  doping  on  the  rate  capacity  and  cyclic 
stability  of  LiFeP04  has  been  reported  in  a  group  of  studies 
[40,91  -1 02].  The  studied  dopants  include  supervalent  cations  such 
as  Nb5+  [40],  Zr4+  [91],  Ti4+  [91],  Mo6+  [95],  Mg2+  [93,100],  Cr3+ 
[92,99],  V5+  [94],  Co2+  [96],  Cu2+  [97],  and  anions  of  CH1  [102]  and 
F_1  [101].  The  promoting  effect  was  attributed  to  the  improved 
intrinsic  electronic  conductivity  and  the  increased  Li-ion  diffusion 
coefficient  in  doped  LiFeP04  particles  [98-103].  The  electronic  con¬ 
ductivity  of  LiFeP04  powders  was  reported  to  increase  by  two  to 
eight  orders  of  magnitude  as  a  result  of  doping-induced  charge 
compensation  [40,98,100]. 

However,  the  improvement  in  electronic  conductivity  was 
questioned  by  others  to  arise  from  the  formation  of  conductive 
surface  films  (e.g.,  carbon,  Fe2P  or  Fe75Pi5Cio),  as  confirmed  by 
TEM  observations  [104-106].  Modeling  studies  also  suggested  that 
supervalent  doping  on  either  Li  or  Fe  sites  is  energetically  unfavor¬ 


able  and  does  not  result  in  a  large  increase  of  electronic  conductivity 
[11,107].  Neutron  and  XRD  studies  revealed  that  the  doped  Zr,  Nb 
and  Cr  atoms  in  LiFeP04  are  located  primarily  on  the  Li  sites  and, 
thus,  may  hinder  the  Li  diffusion  by  blocking  the  Li-diffusion  chan¬ 
nels  [108].  In  terms  of  electrochemical  property,  the  doped  LiFeP04 
materials  do  not  show  significant  advantages  over  the  undoped 
samples  [45].  For  example,  the  specific  capacities  of  the  doped  sam¬ 
ple  without  carbon  coating  (DOP-Nb-100)  are  much  lower  than 
those  of  other  materials  despite  of  its  small  particle  size  (lOOnm) 
(Fig.  3).  Therefore,  doping  does  not  appear  to  be  as  effective  as 
carbon  coating  for  engineering  applications,  especially  when  tak¬ 
ing  into  account  the  impact  of  doping  (e.g.,  Nb  and  Mo)  on  the 
cost  of  raw  materials.  For  the  anion-doped  LiFeP04  (CH1  and  F-1) 
[101,102],  the  impact  of  doping  on  their  structural  stability  and 
abuse  tolerance  at  high  temperature  needs  to  be  examined. 

4.3.  Carbon  coating 

Carbon  coating  is  one  of  the  most  important  techniques  used  to 
improve  the  specific  capacity,  rate  performance  and  cycling  life  of 
LiFeP04  [109-115].  The  main  role  of  carbon  coating  is  to  enhance 
the  surface  electronic  conductivity  of  LiFeP04  particles  so  that  the 
active  materials  can  be  fully  utilized  at  high  current  rates.  Carbon 
coating  also  reduces  the  particle  size  of  LiFeP04  by  inhibiting  par¬ 
ticle  growth  during  sintering  [116-118].  In  addition,  carbon  can 
act  as  a  reducing  agent  to  suppress  the  oxidation  of  Fe2+  to  Fe3+ 
during  sintering  and  thus  simplify  the  atmosphere  requirement 
in  synthesis  [119,120].  With  carbon  coating,  the  microsized  par¬ 
ticles  of  ~300  nm  exhibit  good  rate  capability  that  is  comparable  to 
those  of  the  nanosized  particles,  as  shown  in  Fig.  5.  The  beneficial 
effect  of  carbon  coating  has  been  observed  to  depend  on  the  struc¬ 
ture,  uniformity,  thickness,  loading  and  precursor  of  the  coating 
[110-112,121-123].  The  disadvantages  of  carbon  coating  include 
high  processing  cost  and  reduced  tap  density,  which  may  lead  to 
high  energy  cost  and  low  energy  density  of  the  battery  cells  [44,52]. 
Therefore,  it  is  important  to  optimize  the  carbon  coating  on  LiFeP04 
to  meet  the  performance  and  cost  targets  for  EV  applications. 

Carbon  coating  on  LiFeP04  can  be  prepared  with  pre-existing 
carbon  powders  or  by  in  situ  carbonization  of  organic  precursors 
[124-129].  It  is  now  commonly  believed  that  the  carbon  coatings 
formed  in  situ  perform  much  better  than  the  pre-existing  carbons 
[125].  The  structure  and  electronic  conductivity  of  carbon  coat¬ 
ing  produced  from  organic  precursors  are  strongly  influenced  by 
the  pyrolysis  temperature  and  the  precursor  type  [110,112].  Car¬ 
bon  coatings  prepared  at  high  temperature  (>700  °C)  have  much 
higher  electronic  conductivity  than  those  prepared  at  low  temper¬ 
ature  (<600  °C)  as  result  of  the  increased  amount  of  graphite  carbon 
in  the  coating  [110,119].  Graphite  carbons  (sp2-coordinated)  are 
more  conductive  than  disordered  carbons  (sp3-coordinated).  The 
amount  of  graphite  carbon  in  the  coating  can  be  determined 
from  the  band-intensity  ratio  of  graphite  (/G)  and  disordered 
carbon  (/D)  on  the  Raman  spectra  [110,121].  High  electronic  con¬ 
ductivity  and  better  performance  are  achieved  by  using  organic 
precursors  having  carbon-ring  structures,  such  as  polystyrene  and 
sugar  [44,1 11,121,119,130].  With  high-quality  carbon  coatings,  the 
amount  of  conductive  carbons  used  in  cathode  preparation  can 
be  reduced  [49,131].  The  ideal  carbon  coating  needs  to  be  dense, 
uniform,  graphite-like,  2-3  nm  thick  and  1-3  wt.%  [49,123]. 

Coating  the  LiFeP04  particles  with  other  conductive  films,  such 
as  polypyrrole  or  Fe2P,  also  improves  their  electrochemical  perfor¬ 
mance  [74,111,117,132]. 

4.4.  Conductive  carbon 

Conductive  carbon  powders  are  added  in  the  cathode  to  improve 
the  electronic  contact  between  the  active  powders  and  the  elec- 
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tronic  conductor.  The  loading  of  conductive  carbon  and  the  mixing 
procedure  significantly  affect  the  electrochemical  performance  of 
the  prepared  cells  [39,42-45].  Higher  conductive  carbon  loading 
generally  improves  the  rate  capacity  but  reduces  the  energy  den¬ 
sity  of  the  cells.  In  addition,  a  uniform  distribution  of  the  conductive 
carbon  particles  in  the  cathode  through  extensive  or  wet  mixing  is 
also  important  [39,42,43,49].  The  influence  of  particle  size,  loading 
and  mixing  procedure  of  conductive  carbons  on  the  performance 
of  battery  cells  needs  further  attentions. 

4.5.  Synthesis  methods 

The  LiFeP04  powders  have  been  prepared  by  a  variety  of  syn¬ 
thesis  techniques,  including  ball  milling  [133-137],  solid-state 
reaction  [40,138],  microwave  [139-141],  carbothermal  reduc¬ 
tion  [142-145],  hydrothermal  reaction  [146-150],  co-precipitation 
[14,151],  sol-gel  [152-155],  spray-pyrolysis  [41,156,157],  and  rhe¬ 
ological  method  [158-160].  For  large-scale  industrial  applications, 
low  processing  cost  and  easy  manufacturing  are  the  primary 
requirements  for  any  synthesis  methods.  Therefore,  the  current 
discussion  concentrates  on  two  processes  that  have  been  used 
for  commercial  production:  mechanochemical  activation  (MA)  and 
carbothermal  reduction  (CR),  although  excellent  performance  has 
been  achieved  in  materials  prepared  by  other  methods  [7]. 

In  the  MA  process,  the  precursors,  such  as  Li2C03,  FeC204, 
NH4H2P04  and  sucrose,  are  thoroughly  crushed  and  mixed  in  a 
high  energy  ball  mill;  as  a  result,  the  sintering  temperature  and 
time  necessary  to  obtain  a  fully  crystallized  material  is  reduced 
and  small  particle  size  is  maintained  [22,119,136].  The  milling 
time  is  normally  4-24  h,  and  the  optimum  sintering  conditions  are 
reported  to  be  600-700  °C  for  4-24  h,  varied  in  different  studies 
[119,135,137,161].  At  high  sintering  temperatures,  the  formation 
of  impurity  phases,  such  as  Fe2P  and  Fe3P,  were  observed.  The 
presence  of  Fe2P  impurities  decreases  the  capacity  density  and 
the  cyclic  stability  of  LiFeP04.  The  disadvantages  of  this  process 
are  its  long  processing  cycle  and  high  energy  consumption,  which 
inevitably  increase  the  manufacturing  cost.  In  addition,  the  particle 
size  distribution  of  MA  powders  is  relatively  broad.  To  reduce  the 
processing  cost,  additional  studies  are  needed  to  understand  the 
structure  and  surface  change  during  sintering  and  to  shorten  the 
processing  cycle  while  maintaining  good  electrochemical  proper¬ 
ties.  The  sintering  time  can  be  reduced  by  increasing  the  sintering 
temperature  when  the  carbon  coating  is  present  [162].  Sintering  at 
high  temperatures  improves  the  electronic  conductivity  of  carbon 
coating,  while  a  short  sintering  time  and  fast  cooling  inhibit  particle 
growth.  For  massive  industrial  production,  a  continuous  manufac¬ 
turing  process  is  highly  desired,  especially  when  advanced  heating 
techniques  such  as  infrared  or  laser  heating  are  employed. 

In  the  CR  process,  a  low-cost  Fe3+-precursor  such  as  Fe203  or 
FeP04  is  used  as  Fe  source  instead  of  the  expensive  Fe2+  precursors, 
e.g.,  FeC204  and  Fe(OOCH3)2  [142,145,1 58,1 60].  The  Fe3+  is  reduced 
by  the  fresh  formed  carbon  from  the  pyrolysis  of  precursors  during 
sintering.  Thus,  the  cost  of  CR-LiFeP04/carbon  is  expected  to  be 
low  while  their  tap  density  is  relatively  high.  Similar  to  the  MA 
method,  the  CR  process  needs  to  be  further  optimized  to  reduce 
the  processing  time  and  energy  consumption  while  maintaining  the 
performance  by  controlling  the  particle  size  and  impurity  content. 

5.  Future  research  needs 

It  is  of  scientific  and  engineering  importance  to  understand  the 
Li  insertion/extraction  mechanism  under  real  operation  conditions 
and  at  low  temperatures.  Further  investigation  on  the  phase  trans¬ 
formation  in  nanosized  LiFeP04  particles  (<40nm)  is  also  merited. 
To  clarify  the  effect  of  doping  on  the  electronic  and  ionic  conduc¬ 


tivity  of  LiFeP04,  well-designed  experiments  are  needed  to  exclude 
the  contribution  of  other  factors,  such  as  surface  coating  or  parti¬ 
cle  size.  For  engineering  applications,  more  efforts  are  warranted 
to  prepare  LiFeP04  materials  with  a  combination  of  good  perfor¬ 
mance,  high  tap  density  and  low  processing  cost.  Modeling  and 
experimental  works  on  the  electrode  structure  design  are  required 
to  increase  the  energy  density  of  battery  cells.  In  addition,  the  abuse 
tolerance,  low-temperature  performance  and  the  long-term  stabil¬ 
ity  of  LiFeP04  under  the  combined  EV/HEV  cycles  warrant  further 
study. 

6.  Conclusions 

The  phase  transformation  and  electrochemical  performance  of 
various  LiFeP04  materials  are  discussed  in  light  of  the  technical 
requirements  for  EV  batteries.  The  Li  insertion/extraction  processes 
in  LiFeP04  appear  to  take  place  through  the  cooperative  motion 
of  electrons  and  Li-ions  along  the  phase  boundaries.  As  a  result, 
the  rate  capability  of  LiFeP04  is  mainly  affected  by  the  transport  of 
electrons  from  the  particle  surface  to  the  current  collector.  Carbon 
coating  and  conductive  carbon  loading  are  more  critical  than  dop¬ 
ing  and  particle  size  control  when  the  particles  are  smaller  than 
400  nm. 

The  cyclic  life  of  LiFeP04  has  been  significantly  improved  to  over 
2000  cycles.  The  migration  of  iron  from  the  cathode  onto  the  sur¬ 
face  of  graphite  anode  through  electrolyte  has  been  reported  to 
be  mainly  responsible  for  the  capacity  degradation  because  the 
deposited  iron  catalyzes  the  SEI  formation  on  the  anode.  Thus,  the 
cycling  life  of  LiFeP04  cathode  under  the  combined  calendar/cyclic 
cycles  needs  to  be  carefully  evaluated  for  EV  applications.  The  low- 
temperature  performance  of  LiFeP04  can  probably  be  improved  by 
developing  novel  electrolyte  formulations.  To  meet  the  stringent 
technical  requirements  for  EVs,  more  effort  is  required  to  increase 
the  energy  density  and  reduce  the  energy  cost  of  LiFeP04  batteries. 
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